It is not unreasonable to expect that boreal forests which exist along 60 o N in the Eurasian and North American continents were created and are maintained by warm seasonal rainfall. As revealed from satellite observations and various precipitation sources, zonally elongated rainbelts appear along these forests. Previous studies show that a relationship may exist between the frontal zone along the Arctic seaboard and regional patterns of high latitude precipitation. It was observed by this study that baroclinic zones associated with strong Arctic westerlies coincide with minor storm tracks and boreal-forest rainbelts only in Eastern Canada. In contrast, this coincidence does not occur in Northern Europe, East Siberia, and the Alaska-Pacific coast, because boreal-forest rainbelts in these regions are located further south of strong Arctic westerlies and ahead of high-latitude troughs over Central Eurasia, the Bering Sea, the Labrador Sea, and the Norwegian Sea. Therefore, instead of baroclinicity along strong Arctic westerlies, favorable environments for the formation of minor storm tracks are developed by positive vorticity advections ahead of these high-latitude troughs. The water vapor budget analyses performed with NCEP and GEOS-1 reanalyses show that the borealforest rainbelts are essentially maintained by the convergence of water vapor flux associated with transient disturbances at high latitudes.
Introduction
The most interesting features of summer climate in the Arctic/subarctic regions are frontal zones and rainbelts south of the Arctic coastal line in Northern Eurasia and North America. The frontal activity and rainfall of these two northern land-masses, which are closely related to each other, peak in the summer season (Serreze et al. 2001) . As observed by Krebs and Barry (1970) , the summer frontal activity and rainfall geographically lie along boreal forests (indicated by dark green color in Fig.1 ), which comprise of one third of the global woodland (Montaigne 2002) and play a vital role in regulating the global climate by filtering/storing carbon dioxide and other greenhouse gases (e.g., Bonan et al. 1995; Lutch et al. 2002; Myneni et al. 2001) . Summer rainfall at high latitudes provides water resource to the boreal forest ecosystem and supplies freshwater to the thermohaline circulation in the Atlantic Ocean through north-bound river discharge (Chen et al. 1994) , which may affect the global climate (e.g., Aagaard and Carmack 1989; Aagaard et al. 1985; Bjornsson et al. 1995; Delworth et al. 1993; Zhang et al. 1993 ).
The boreal forests over the two northern land-masses can be clearly identified by Normalized Difference Vegetation Index (NDVI) (marked by thick lines in Fig.2a ). The beltshaped rainfall zones along 60°N are depicted by several precipitation data sources [CMAP (Xie and Arkin 1997) , GHCN (Easterling et al. 1996) , and an ensemble of three reanalyses (Gibson et al. 1997; Kalnay et al. 1996; Schubert et al. 1993) shown in respectively] . Because the boreal ecosystem can exist even on permafrost grounds (Krebs and Barry 1970) , the boreal forests represented by high values of NDVI can extend somewhat poleward in comparison with high-latitude rainbelts. Regardless of this minor discrepancy, central locations of summer rainbelts marked by thick lines in Fig.2a coincide well with the 3 subarctic zones of high NDVI values, indicators of the boreal forests. In other words, boreal forests and summer rainbelts at high latitudes exhibit a similar longitudinal distribution pattern. Therefore, these subarctic rainbelts will be referred hereafter as "boreal-forest rainbelts". Because the boreal forests need water during growing season, the maintenance of these boreal forest rainbelts at high latitudes during the northern summer becomes the major concern of the present study.
In spite of the existence of two major storm tracks over the North Pacific and the North Atlantic Oceans, intensive frontal activity areas (the Arctic frontal zone named by Reed and Kunkel 1960) exist over high-latitude land-masses during summer season. Frontal/storm activity associated with the Arctic frontal zones (refereed to as 'minor storm track' hereafter, to distinguish from the two oceanic storm tracks) was suggested to be associated with summer rainfall at high latitudes (Serreze et al. 2001) . The formation of minor storm tracks and boreal-forest rainbelts can also be produced by synoptic scale cyclones. It was suggested by previous studies (e.g., Dzerdzeevskii 1945; Kurashima 1968; Serreze et al. 2001 ) that the thermal contrast between the snow-free land surface and the cold Arctic Ocean maintains high-speed westerlies through the thermal wind relationship along the Arctic seaboard. These strong Arctic westerlies develop minor storm tracks through synoptic cyclogenesis by baroclinic instability (Charney 1947 tracks. If the storm activity along subarctic minor storm tracks is responsible for maintaining the boreal-forest rainbelts, it is likely that transient water vapor flux is more crucial than the stationary water vapor flux. In order to test this argument, the water vapor budget is analyzed in the present study.
The three-dimensional structure and dynamical function of summertime stationary waves in the tropics and midlatitudes were examined by White (1982) and Chen (2003) , but those in high latitudes have not been explored. In order to investigate the maintenance mechanism of boreal-forest rainbelts, several dynamical aspects of the high-latitude summer climate features (including the structure of summertime stationary and the maintenance mechanism of subarctic minor storm tracks) were analyzed. This study is arranged in the following manner. Data and the analysis method used in this study are presented in Section 2.
Description of the boreal-forest rainbelts and transient activities are given in Section 3. Some possible mechanisms responsible for the formation of minor storm tracks in the high latitudes are discussed in Section 4. Maintenance of the boreal-forest rainbelts is illustrated in Section 5, and concluding remarks will be in Section 6.
Data and Analysis methods
Data used in this study includes: precipitation, vegetation index, reanalyses, and cyclone tracks. Precipitation used to portray boreal-forest rainbelts was derived from four different sources: 1) the Global Historical Climate Network version 2 (GHCN, Easterling et al. 1996) , 2) the grid analysis of station precipitation data (Willmott et al. 1994 , obtained from the Climate Diagnostic Center, NOAA), 3) Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP) (Xie and Arkin 1997) , and 4) an ensemble of three reanalyses including NCEP/NCAR reanalysis (Kalnay et al. 1996) , European Center for Medium-Range Forecast (ECMWF) reanalysis (Gibson et al. 1997) , and the Goddard Earth Observing System assimilation data (GEOS1) (Schubert et al. 1993 ). The first two datasets provide only precipitation over land, while the last two cover the entire globe.
Regardless of reanalyses' biases in high latitudes [e.g., spectral distortion at high latitudes and excessive rainfall in the NCEP/NCAR moisture fields (Serreze and Hurst 2000) ], the NCEP/NCAR (Kalnay et al. 1996) and GEOS-1 reanalyses (Schubert et al. 1993 ) may well represent some important features of high-latitude summer climate, such as thermal frontal activity and circulation structures at high-latitude land-masses (Serreze et al. 2001 ).
Therefore, meteorological variables (e.g., wind field, temperature, water vapor flux, etc.) of these two reanalyses were used for the water vapor budget analysis and other diagnoses.
While a depiction of boreal forests presented by Montaigne (2002) is shown in Fig.1 , the NDVI of the NOAA/NASA Pathfinder AVHRR Land Program supplied by the Distributed Active Archive Center (Code 902.9) at the Goddard Space Flight Center (Justice et al. 1985) was applied to attain a more accurate portrayal of these forests (Fig.2a) .
Cyclone occurrence frequency was determined by a incorporation of both objective and subjective approaches. The objective algorithm designed by Dr. Mark Serreze of the 6 University of Colorado (Serreze 1995; Serreze et al. 1997 ) was used to identify cyclone locations with the 6-hourly Northern Hemisphere (NH) sea-level pressure data from the NCEP/NCAR reanalysis for the period from 1979 to 2002. This algorithm employs a series of pattern searches, e.g., testing whether central sea-level pressure is at least 1 hPa lower than the surrounding grid points in order to identify location of a cyclone center. More detailed information regarding this algorithm can be found in both Serreze 1995 and Serreze et al. 1997 . After their locations were identified by this objective algorithm, these cyclones are subjected to another test to determine whether they are migrating. Therefore, locations of these cyclones were subjectively checked with daily 850-mb streamline charts superimposed with rainfall generated by NCEP/NCAR reanalysis. Disturbances with a center of sea level pressure not smaller than its surrounding grid by 1 hPa and with a translation speed smaller than 5°day -1 were excluded. The cyclone occurrence frequency (N f ) is the accumulation of migrating cyclones with a closed low center and rainfall within each 5° x 5° box over the summer season.
Horizontal derivatives (e.g., divergence and vorticity) computed at high latitudes on the equal latitude-longitude grid system are usually contaminated by false values generated by the 'Pole Problem', due to decreasing zonal spacing between grid points toward the pole. To avoid this computational predicament in this grid system, the octagonal grid system used by the National Meteorological Center (former NCEP) for its operational forecast model (Shuman and Hovermale 1968) was adopted. This grid system provides an almost equaldistance and regular square mesh near the pole to avoid this. The computational procedure consists of two steps. First, wind vectors on the 2.5˚ x 2.5˚ latitude-longitude grid system north of 45˚N were projected on the octagonal grid system by a 16-point Bessel interpolation.
Second, the computed horizontal derivatives on the latter grid system were then projected back to the former grid system by the same interpolation scheme, and merged with data south of 45˚N computed on the former grid system for further analysis with Burrows' (1974) approach.
The hydrological maintenance of the boreal-forest rainbelts is illustrated in terms of the atmospheric water vapor budget:
where W, Q, E, and P are precipitable water, vertically-integrated water vapor flux, evaporation, and precipitation, respectively. The water vapor budget [Eq. (1) (1) Cyclone (E-P)<0 (water vapor sink) is supplied by convergence of the water vapor flux toward the cyclone center
(2) Anticyclone (E-P)>0 (water vapor source) is depleted by divergence of the water vapor flux out of the anticyclonic center 0
Because the major concern of this study is the maintenance of the boreal-forest rainfall, the hydrological condition of cyclones is the focus of this study. Therefore, the lack of the evaporation observations limits the scope of this study to only focusing on the relationship between convergence of the water vapor flux and precipitation.
Following Chen (1985) , the water vapor flux ( Q ) was split into two components:
rotational ( (Smirnov and Moore 1999) . The 2-7 day Butterworth bandpass filter (Murakami 1979 ) was applied to isolate contribution of synoptic disturbances to transient water vapor flux. After applying this filtering process, Eq.(4) is further approximated by,
where D Q′ is the 2-7 day filtered divergent water vapor flux.
Boreal-forest rainbelts and transient activity
As documented by Xie and Arkin (1997) , major summer rainfall in the Northern
Hemisphere occurs over summer monsoon regions (including South/East Asia, southwestern
North America, and West Africa) and two oceanic storm tracks in the North Pacific and the North Atlantic Oceans (Figs.2b-d) . However, the summer rainfall along boreal forests in the subarctic regions has not been well examined or documented. The boreal forest rainbelts exhibit some regional characteristics, yet seem to be zonally elongated along 60 o N. For example, the rainbelt in East Siberia is located somewhat southward than that in Northwestern Europe, and the rainbelts along the Alaska-Pacific coast and Eastern Canada do not seem to belong to the same entity.
Previous studies (e.g., Serreze et al. 2001) showed that cyclone/frontal activity along the Arctic frontal zones may be associated with high-latitude summer rainfall. To explore the generation mechanism of this summer rainfall, we should first understand how transient activity over high-latitude land-masses is generated and maintained. Salient features of the summer transient activity depicted by the cyclone occurrence frequency (N f ) in Fig.3a may be highlighted as follows:
• Two oceanic storm tracks exist over the North Pacific and the North Atlantic Oceans. The
North Pacific storm track is elongated from Japan to the west coast of Canada, while the North Atlantic storm track is stretched from the northeastern part of North America, across south of Greenland, to Iceland. These two oceanic storm tracks are coupled with the uppertropospheric jet streams (Fig.3b) . The spatial structures of these two oceanic storm tracks (Fig.3a) bear a close resemblance to those depicted by 2 v′ (850mb) in White (1982) .
• Subarctic minor storm tracks exist in Eurasia and North America. Several distinct maxima of the transient activity appear in Northwestern Europe, Central Eurasia, Manchuria/Eastern Siberia, and Western and Eastern Canada (Fig.3a) . A comparison between storm activities (Fig.3a) and rainfall (Fig.2 ) reveals a clear correspondence between these two quantities at mid-and high latitudes. Further comparison between upper-tropospheric westerlies (Fig.3b) and storm activities shows that the coupling of the minor storm track with strong westerlies only exists in the Eastern Canadian Arctic, as suggested by Serreze et al. (2001) . In contrast, minor storm tracks in other regions are located somewhat south of strong Arctic westerlies. For example, the minor storm tracks in Central Eurasia and East Siberia appear south of the strong Arctic westerlies and north of the mid-latitude jet stream. Therefore, the baroclinicity associated with strong Arctic westerlies across this longitudinal section do not seem to be related to genesis of transient disturbances along minor storm tracks.
In addition to the baroclinic instability, a possible mechanism responsible for the establishment of minor storm tracks may be inferred from the large-scale circulation structure at high latitudes. The NH summer circulation consists of the tropical/subtropical monsoon and the equivalent barotropic structure in mid latitudes (White 1982; Chen 2003) . Up to the present time, the structure of the high-latitude summer circulation has not been extensively analyzed. In order to facilitate our search for the mechanism generating and maintaining the transient activity along minor storm tracks, the summer circulation structure in the high latitudes should be well depicted. To serve this purpose, the 250-mb and 850-mb streamline charts are presented in Fig. 4 .
The most conspicuous features of this circulation system shown in Fig.4 are the four subarctic troughs in Central Eurasia, the Bering Sea, the Labrador Sea, and the Norwegian Sea, and the accompanying ridges in between troughs. A careful examination of the summer subarctic circulation reveals that minor storm tracks and boreal-forest rainbelts are located ahead of these troughs. How do these subarctic troughs develop preferable environments for the formation of minor storm tracks? The spatial relationship between these troughs, minor storm tracks, and strong Arctic westerlies indicates that the summer transient activity in eastern Canada is maintained by the strong north-south thermal gradient across the Arctic seaboard, while those located ahead of these upper-tropospheric troughs are closely related to strong vorticity advection. The later situation will be elucidated in Section 4.
It was already shown that minor storm tracks are located along boreal-forest rainbelts.
What is the hydrological implication of this spatial alignment between boreal-forest rainbelts and minor storm tracks? The most significant divergent component of transient water vapor flux exists along major oceanic storm tracks (Chen 1985) . It is likely that the boreal-forest rainbelts over Arctic Eurasia and North America are maintained by convergence of transient water vapor flux along minor storm tracks. This argument will be substantiated by water vapor budget analysis in Section 5.
Large-scale circulation over the high-latitudes
The summer circulation in high latitudes is characterized by four major troughs (marked with thick dashed lines on Fig.4a ) located at Central Eurasia, the Bering Sea, the Labrador Sea, and the Norwegian Sea, along with four ridges (denoted by thick solid lines).
Strong Arctic westerlies are located north of these Arctic ridges at the New-Siberian Islands, the Beaufort Sea, and the Barents Sea along 70°N (Fig.3b) . As shown by latitude-height cross-sections of zonal wind at these three locations (Figs.5a-c), Arctic westerlies with maxima at 300mb are clearly separated from midlatitude maximum westerlies, as observed by Serreze et al. (2001, their Figs. 6-9) . In East Siberia, the lower-level cyclonic flow (indicated by an arrow in Fig.4b ) is overlaid by an upper-level ridge. This vertical phase reversal of the atmospheric circulation characterizes a monsoon system (White 1982; Chen 2003) . 
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However, the strong Arctic westerlies are actually located farther north of minor storm tracks and the boreal-forest rainbelts at most of locations including northwestern Europe, East Siberia, and Alaska (Figs.5d-f) . The contrast between strong Arctic westerlies and the rainfall/transient activity along these three locations of the boreal-forest rainbelts clearly indicates that the former is located at 70°N (Figs.5a-c) , while the latter are mainly at 50°N-60°N (Figs.5d-f ). In view of this spatial disparity between strong Arctic westerlies and minor storm tracks (Fig.5) , the baroclinicity across the Arctic seaboard does not seem to exert any impact on cyclogenesis over these regions.
A possible formation mechanism of minor storm tracks may be developed in terms of the conceptual model of a developing baroclinic short wave not needed in terms of the quasi- Although a detailed analysis of the Alaska-Pacific coastal trough is beyond scope of our current study, it is conceivable that this development of frontal activity is related to the lowertropospheric trough along the coast.
It was suggested by previous studies that the Arctic frontal/cyclone activity is generated/maintained by the baroclinic zone along the Arctic seaboard. As revealed from our observation, this argument may be only applicable to the transient activity over Eastern
Canada. Most of the minor storm tracks and boreal-forest rainbelts, which exist ahead of these troughs and are further southward away from strong Arctic westerlies, are formed/maintained by the effect of positive vorticity advection ahead of the uppertropospheric troughs at high latitudes. In addition to these upper troughs, the East Siberian monsoon low and the Alaska-Pacific coastal trough form a special environment conducive to the genesis of transient disturbances over these areas.
Maintenance of the boreal-forest rainbelts
Three different formation mechanisms of minor storm tracks, and frontal/cyclone activity are considered to be responsible for producing rainfall along boreal forests. Previous studies (Overland et al. 1996; Serreze 1995) ). The stationary divergent water vapor flux is driven by the summertime large-scale divergent circulation in the tropics and midlatitudes (Chen 1985) . However, the contrast between P and
does not show a clear indication that boreal-forest rainbelts at high latitudes are supported by stationary water vapor flux (Fig.7a) .
In view of this passive role of the stationary water vapor flux in maintaining borealforest rainbelts, transient water vapor flux is potentially the dominant hydrological process.
The structure of transient disturbances at high latitudes is the same as those of mid-latitudes (Reed and Kunkel 1960) . Analyzing aircraft observations, Reed and Kunkel argued that clouds associated with typical baroclinic waves in the high-latitudes are mainly located ahead of a cyclone center as a typical mid-latitude storm (Chen et al. 1996) . In other words, these clouds and accompanied precipitation are maintained by convergence of water vapor flux east of a cyclone center. The passage of any synoptic disturbances across a given region is accompanied by the alternation of low-level convergence and divergence. In order to concentrate our attention on the maintenance of precipitation, only convergence of transient water vapor flux associated with synoptic disturbances [as suggested by Eq. (5) Asian Monsoon Experiment (GAME)-Siberia, Ohta et al. (2001) reported that evaporation becomes comparable or even somewhat larger than total rainfall in East Siberia. The small convergence of water vapor flux and significant evaporation imply strong recycling * along boreal forests. In other words, moisture supplied by evaporation (from land surfaces and boreal forests) forms an important source of atmospheric water vapor, which precipitates out of the atmosphere to land surfaces without being significantly transported out to other regions.
Seemingly functioning as a 'catalyst', transient disturbances effectively convert atmospheric water vapor into rainfall. However, further effort using regional/global climate models with land-surface schemes is necessary to test this argument.
Concluding Remarks
Along boreal forests in Eurasia and North America at high latitudes, there exists beltshaped/circumpolar summer rainfall ('boreal-forest rainbelts') and strong transient activity * Recycling is defined as a ratio between evaporation and the summation of precipitation and water vapor flux Trenberth 1999 ).
('minor storm tracks'). The mechanism(s) responsible for generating and maintaining summer rainbelts at high latitudes is investigated in the present study. To reveal this mechanism, two questions are raised: (1) What is the formation mechanism of minor storm tracks over two northern land-masses during summer season? And (2) can boreal-forest rainbelts be maintained by convergence of transient water vapor flux associated with transient disturbances along minor storm tracks? Our major findings can be summarized as follows:
• It was suggested that the frontal/cyclone activity over these two northern land-masses might be developed through baroclinic instability caused by strong Arctic westerlies along the Arctic seaboard (e.g., Dzerdzeevskii 1945; Kurashima 1968; Serreze et al. 2001) . A careful examination of boreal-forest rainbelts, minor storm tracks, and upper-tropospheric westerlies (Figs.2 and 3 ) reveals that the aforementioned argument is only applicable to those in Eastern Canada. In contrast, rainbelts and minor storm tracks in other locations Fig.7b ) supplies water vapor to form/maintain the boreal-forest rainbelts. Our argument, to some extent, is consistent with results of previous studies. In high latitudes, transient transport accounts for much of atmospheric water and energy transport (Overland et al. 1996; Serreze 1995) . Based on station observations of the GAME-Siberia experiment, significant evaporation forms an important water vapor source over East Siberia (Ohta et al. 2001) . It is likely that this atmospheric water vapor is effectively recycled by transient disturbances along boreal forests.
In addition to positive vorticity advection by high-latitude troughs in the upper troposphere, surface lows are observed in East Siberia and along Alaska-Pacific coast (Fig.4b) . The former is associated with the northward extension of the East Asian monsoon, and the latter is formed by interaction with maritime inflow from the North Pacific Ocean and topography (the Alaskan Range). Although a detailed analysis of these two regional circulation structures is beyond scope of our present study, it is conceivable that the surface monsoon low over East Siberia and the surface trough along Alaska-Pacific coast can also assist to form minor storm tracks over these regions.
The boreal-forest rainbelts over the two northern land-masses are not only an interesting feature of the high-latitude summer climate, but also a potentially important component in the global climate system. For instance, any change in hydrological processes over the northern land-masses can alter freshwater outflow to the Arctic Ocean through northbound river discharge, which may provide an important impact on the global climate through the thermohaline circulation in the global ocean (e.g., Zhang et al. 1993 ). Sequential studies 20 will be devoted to investigation of the interannual variation of boreal-forest rainbelts and transient activities, which could enlighten the long-term climate variability of northern high latitudes. Regardless of large improvement in data quality and the recognition of the potential importance of the Arctic/subarctic regions to the global climate change, the basic features of the climate and circulation, such as the annual variation have not been well demonstrated (Randall et al. 1998; Wei et al. 2002) . Features of the Arctic/subarctic summer climate system addressed in this study, including boreal-forest rainbelts and minor storm tracks, can be used as a validation tool for model performance. 
